
JOURNAL OF VIROLOGY,
0022-538X/99/$04.0010

July 1999, p. 5814–5825 Vol. 73, No. 7

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Induction of AIDS in Rhesus Monkeys by a Recombinant Simian
Immunodeficiency Virus Expressing nef of Human

Immunodeficiency Virus Type 1
LOUIS ALEXANDER, ZHENJIAN DU, ANITA Y. M. HOWE, SUSAN CZAJAK,

AND RONALD C. DESROSIERS*

Received 11 January 1999/Accepted 26 March 1999

A nef gene is present in all primate lentiviruses, including human immunodeficiency virus type 1 (HIV-1) and
simian immunodeficiency virus of macaque monkeys (SIVmac). However, the nef genes of HIV-1 and SIVmac
exhibit minimal sequence identity, and not all properties are shared by the two. Nef sequences of SIVmac239
were replaced by four independent nef alleles of HIV-1 in a context that was optimal for expression. The sources
of the HIV-1 nef sequences included NL 4-3, a variant NL 4-3 gene derived from a recombinant-infected rhesus
monkey, a patient nef allele, and a nef consensus sequence. Of 16 rhesus monkeys infected with these SHIVnef
chimeras, 9 maintained high viral loads for prolonged periods, as observed with the parental SIVmac239, and
6 have died with AIDS 52 to 110 weeks postinfection. Persistent high loads were observed at similar frequencies
with the four different SIV recombinants that expressed these independent HIV-1 nef alleles. Infection with
other recombinant SHIVnef constructions resulted in sequence changes in infected monkeys that either created
an open nef reading frame or optimized the HIV-1 nef translational context. The HIV-1 nef gene was uniformly
retained in all SHIVnef-infected monkeys. These results demonstrate that HIV-1 nef can substitute for SIVmac
nef in vivo to produce a pathogenic infection. However, the model suffers from an inability to consistently obtain
persisting high viral loads in 100% of the infected animals, as is observed with the parental SIVmac239.

Experimental infection of rhesus monkeys with simian im-
munodeficiency virus (SIV) is one of the most widely used
animal models for the study of AIDS pathogenesis. A nef gene
is present in all primate lentiviruses, including SIVmac and
human immunodeficiency virus type 1 (HIV-1), but nef is not
necessary for the ability of these viruses to replicate. Evidence
for the importance of the nef gene has been derived from the
study not only of SIV in monkeys but also of HIV-1 in people.
Rhesus monkeys infected with SIVmac239 containing a dele-
tion in the nef gene typically maintain low viral loads (20) and
only rarely progress to AIDS (47). In addition, individual hu-
mans have been found in the United States (21) and in Aus-
tralia (8) who harbor only nef-deleted forms of HIV-1. These
patients have maintained low viral loads for more than a de-
cade in the absence of antiretroviral intervention, a phenotype
likely due at least in part to the absence of an intact nef gene.

The nef genes of SIVmac and HIV-1 are correspondingly
located at the 39 ends of their genomes. However, SIVmac nef
and HIV-1 nef share little amino acid homology and do not
share all properties. For example, it has been observed that
Nef of SIVmac, SIVsm, and HIV-2 interact with the zeta chain
of the T-cell receptor, whereas none of five independent
HIV-1 nef alleles tested shares this activity (16). In addition,
HIV-1 nef expresses a highly conserved SH3 binding element,
PXXPXXP, which is required for its ability to bind efficiently
to Src family kinases (27). SIVmac nef, on the other hand,
contains only a single PXXP motif and binds to Src family
kinases less efficiently than does HIV-1 nef (11, 37).

Recently, the three-dimensional structure of HIV-1 nef has
been elucidated (28). The structure determination revealed
that HIV-1 nef contains a long, relatively unstructured leader

sequence (amino acids 1 to 75 in HIV-1SF2 nef) which is linked
to a highly structured core (amino acids 76 to 207 in HIV-1SF2
nef). Within its leader sequence, HIV-1 nef shares no detect-
able similarity with SIVmac nef. However, the sequences of the
core structural region of HIV-1 nef shares limited homology
with SIVmac nef. Despite only limited homology, it is likely
that within the HIV-1 nef core are structural and functional
motifs that are common between SIVmac nef and HIV-1 nef.
In support of this contention, it has been demonstrated that
the nef genes of SIVmac and HIV-1 downregulate the surface
expression of CD4 (2, 6, 13). It has also been observed that
SIVmac nef and HIV-1 nef similarly associate with a complex
containing a serine kinase (38). In addition, SIVmac nef and
HIV-1 nef are similarly capable of causing lymphocyte activa-
tion to enhance SIVmac replication (4). Both SIV nef and
HIV-1 nef have also been found to downregulate major histo-
compatibility complex class 1 expression (39) and to enhance
viral infectivity (3, 7, 26, 31, 45). The maintenance of these
common activities despite limited overall homology indicates
that these activities may contribute to the ability of SIVmac
and HIV-1 to cause pathogenic infections in susceptible hosts.
Identification of a recombinant SIV containing HIV-1 nef se-
quences that is pathogenic in monkeys could facilitate the
dissection of the diverse activities for their relative importance
and contributions in vivo.

In this report, we demonstrate that HIV-1 nef is able to
substitute for SIVmac nef to cause pathogenic infection in
rhesus monkeys. However, recombinant constructs containing
HIV-1 nef were not as efficient as the parental SIVmac239 for
consistently yielding high virus loads and for inducing AIDS.

MATERIALS AND METHODS

Plasmid construction. All mutations in this study were engineered by using
either a splice overlap extension (15) or a modified recombinant-PCR (RT-PCR)
(12) technique. In all constructions the SIVmac nef sequences were deleted from
the 39 extent of the SIVmac env gene to 120 bases 59 of the NF-kB binding site
in SIVmac239 (35). The NL 4-3 nef allele was obtained from the infectious NL
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4-3 clone (1), the RULDA nef allele was derived from a patient isolate obtained
from J. Sullivan and T. Greenough, and the consensus nef allele (40) was ac-
quired from R. Swanstrom. Thorough DNA sequence analysis verified the
proper sequences for all mutants; recombinant clones selected for study were
shown to contain the exactly desired sequence.

SHIVnef replication assays. All stocks of SHIVnef recombinants described
here were generated by DEAE-dextran transfection (32) of the cell line
CEMx174. Recombinant constructs representing SHIVnef were transfected into
CEMx174 cells, and virus in the cell-free supernatant was harvested at or near
the peak of virus production as previously described (14). Transfected or infected
CEMx174 cells were grown in RPMI 1640 (Gibco-BRL, Grand Island, N.Y.) that
was supplemented with 10% fetal calf serum (Gibco-BRL). The levels of p27
viral protein that were produced from transfections or infections or contained
within viral stocks were quantified by using a SIV core antigen kit (Coulter, Hia-
leah, Fla.).

Experimental infection of rhesus monkeys. Virus diluted to contain 50 ng of
p27 antigen was inoculated intravenously into juvenile rhesus monkeys (Macaca
mulatta). At various time points postinoculation, blood samples were collected as
previously described (14). Animals that became moribund were sacrificed, and
complete necropsies were performed.

Determination of viral RNA and infectious cell loads. Cell-associated virus
loads were determined by quantitative cocultivation of peripheral blood mono-
nuclear cells (PBMC) with CEMx174 cells (9). PBMC were purified, counted in
a hemocytometer, and cocultured with CEMx174 cells in various numbers. On
day 21, the presence of SIV p27 antigen was determined and the numbers of
PBMC needed to recover SIV was calculated. The results described here rep-
resent averages of duplicate determinations. Virion-associated SIV RNA in
plasma samples was quantified by RT-PCR assay on an Applied Biosystems
Prism 7700 sequence detection system (Perkin-Elmer Cetus, Norwalk, Conn.)
(46).

PCR amplification of recombinant SIV sequences recovered from PBMC.
PBMC (5 3 106) isolated from animals inoculated with SHIVnef recombinants
were lysed in 0.5 ml of lysis buffer (10 mM Tris, pH 8.2; 0.4 M NaCl; 2 mM
EDTA; pH 8.2) that was supplemented with 33 ml of 10% sodium dodecyl sulfate
(SDS) and 10 ml of proteinase K (10 mg/ml) for 1 h at 56°C. After lysis, 160 ml
of saturated NaCl was added, and the tube was inverted to mix the reagents. The
mixture was then centrifuged at 14,000 rpm in a microcentrifuge for 10 min. The
clear supernatant was removed and placed in a fresh tube, and 700 ml of isopro-
panol was added. The mixture was inverted and centrifuged for 10 min at 14,000
rpm. The supernatant was then removed, and the pellet was washed with 70%
ethanol and then air dried for 1 h. One microgram of cellular DNA served as the
template for PCR amplifications of the nef region of the recombinant SHIVnef
genomes. Primers that annealed to the envelope 59-GCCGTCTGGAGATCTG
CGACAG-39 and 39 long terminal repeat (LTR) regions 59-GCAGAGCGACT
GAATACAGAGCGAAA-39 were used to amplify the region spanning nef. The
resulting fragments were then treated with T4 DNA polymerase (New England
Biolabs, Beverly, Mass.) and inserted into a SmaI-digested puc18 vector (Pro-
mega, Madison, Wis.). The DNA sequence of the inserted fragment was then
determined by using an ABI 377 DNA sequencer (Perkin-Elmer Cetus). All
sequence data presented here represent a consensus of two independent clones
from each of two independent PCR amplifications.

Determination of the percentage of CD41 cells in blood of SHIVnef-inoculated
animals. Whole blood was drawn from SHIVnef-inoculated animals at various
times postinoculation and stained with OKT4, a fluorescein isothiocyanate
(FITC)-conjugated murine monoclonal antibody that reacts with rhesus ma-
caque CD4. The stained samples were analyzed with a FACSscan flow cytometer
(Becton Dickinson, San Jose, Calif.).

Cell line 221 and Western blot assays. Cell line 221 cells (106) that were grown
in RPMI 1640 medium (Gibco BRL) that was supplemented with 20% fetal calf
serum (Gibco-BRL) and 10% interleukin-2 (IL-2) (60 to 90 U/ml; Hemagen,
Waltham, Mass.) were washed and resuspended in RPMI medium that was
supplemented with 5% serum in a 48-well tissue culture plate (Corning CoStar,
Cambridge, Mass.) as previously described (4). SIV or SHIVnef containing 10 ng
of p27 antigen was used for each infection.

For Western blot analysis, 3 3 106 CEMx174 cells were infected with 50 ng
of either SIV or SHIVnef that was derived from the cell-free supernatant of
CEMx174-transfected cells. Seven days postinfection, the cells were pelleted and
lysed with 500 ml of lysis buffer (0.5% Nonidet P-40, 50 mM HEPES [pH 7.5], 150
mM NaCl) containing 2 mM NaCO3, 10 mM NaF, 1 mM phenylmethylsulfonyl
fluoride, 1 mg of leupeptin per ml, and 1% aprotinin (Sigma Chemical Co., St.
Louis, Mo.). The cell lysates were centrifuged at 13,000 3 g for 30 min at 4°C.
Then, 10 ml of the lysates was boiled for 5 min with an equal volume of Laemmli
sample buffer prior to SDS-polyacrylamide gel electrophoresis (PAGE) through
a 10% gel. The proteins were electroblotted onto an Immobilon-P membrane
(Millipore, Bedford, Mass.), which was then blocked with 8% skim milk in
phosphate-buffered saline (PBS)–005% Tween 20 (PBST) for 1 h, which was
followed by an incubation with a 1:500 dilution of the anti-HIV-1 NL 4-3 nef-
specific monoclonal antibody EH (kindly provided by J. Hoxie) in the same
blocking solution for 1 h at room temperature. Primary antibodies were removed
by washing the membranes three times with PBST at room temperature. The
dilution of the secondary antibody and the detection of nef protein were per-

formed according to the protocol of the enhanced chemiluminescence system
(Amersham, Chicago, Ill.).

RESULTS
Introduction to recombinant constructions. In the HIV-1

genome, the env and nef genes are located adjacent to each
other, and no overlap of sequence exists between the two genes
(Fig. 1A). In contrast, env and nef overlap by 167 bases in the
SIVmac genome (Fig. 1B). The SIVmac nef sequences in the
region of overlap are not homologous to HIV-1 nef sequences,
and their importance for the function of SIV nef is unknown.
The 120 bases immediately 59 of the NF-kB site in SIVmac
contain transcriptional control elements as well as nef coding
sequences (17, 34). In animals infected with SIV containing a
182-bp deletion in the region that is uniquely nef, additional
deletions accumulate over time in nef (22); however, these 120
bases of U3/nef sequence are consistently retained, which is
consistent with a role in transcription (17, 22, 34). We thus
created a SHIVnef-fusion construct in which NL 4-3 nef coding

FIG. 1. Diagrams of HIV-1, SIVmac, and SHIVnef genomes. The gray areas
represent HIV-1 sequences, and the white areas represent SIVmac sequences.
The arrows indicate the sequence contained in different SHIVnef recombinants.
The arrows below the nef gene indicate ATGs contained in the nef reading frame,
and the arrows above the nef gene indicate ATGs contained in the non-env/non-
nef reading frame in the region of overlap containing both SIV env and SIV nef.
The genes or genetic elements depicted in this figure are not drawn to scale.
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sequences were fused in frame to the upstream SIVmac nef
sequences and were inserted such that 120 bases of SIVmac 39
LTR U3 sequences located immediately 59 of the NF-kB bind-
ing site were retained in the SHIVnef genome (Fig. 1C).

Results of infection with SHIVnef-fusion. In the first set of
experiments (AE542, Table 1), two juvenile rhesus monkeys
(Mm178-93 and Mm259-93) were inoculated intravenously
with SHIVnef-fusion containing 50 ng of p27 antigen. We
monitored plasma antigenemia, CD4 cell counts, numbers of
infectious cells in PBMC, and viral RNA loads with blood
samples obtained at intervals after experimental infection of
the monkeys. In the initial weeks postinoculation (p.i.), plasma
antigenemia was not detected in samples from these two ani-
mals (Fig. 2A and Table 1). In addition, Mm178-93 did not
maintain consistently measurable numbers of infectious cells in
PBMC or RNA loads in a detectable range (Fig. 2C and D).
This animal was monitored until week 208 p.i. with undetect-
able RNA loads and a normal CD4 percentage level (CD4%)
(Fig. 2 and Table 1). Conversely, Mm259-93 displayed persist-
ing high numbers of infectious cells in PBMC and RNA loads
and died from AIDS 93 weeks p.i. (Fig. 2 and Table 1). In the
weeks preceding death, the CD4% in this animal dropped
from 34 to 16% (Fig. 2B).

We investigated whether changes had occurred in the
SHIVnef-fusion genome in Mm259-93 by the time of death.
Sequence analysis indicated that three of the four ATGs in the
region of overlap containing both SIV env and SIV nef se-
quences had been mutated without affecting the predicted
SIVmac env amino acid sequence (Fig. 3). The unchanged
ATG in this region was in a sequence context that has been
reported to be suboptimal for utilization as an initiating me-
thionine for the expression of downstream sequences (23–25)

(Fig. 3). These observations suggested that sequence changes
within Mm259-93 led to the expression of the HIV-1 nef open
reading frame independent of the upstream SIV nef sequences
to which it was fused. We also examined the NL 4-3 nef se-
quences isolated from Mm259-93 to determine whether changes
were introduced into the nef coding region which also may
have contributed to the development of higher loads in this ani-
mal. At the time of death, the HIV-1 nef in Mm259-93 had
acquired 14 amino acid changes in the NL 4-3 nef sequences
(Fig. 4A). Seven of these changes produced the same amino
acid present at the corresponding position of SIVmac nef (Fig.
4A).

Infection of monkeys with optimized SHIVnef constructions.
We next created recombinants capable of expressing HIV-1 nef
as an independent open reading frame. As described above,
SIVmac contains two ATG codons in the nef reading frame in
the 167 base region of env-nef overlap; the 59 methionine acts
as the start codon for SIVmac nef translation. These two ATGs
were mutated to ACGs, which did not affect the predicted
amino acid sequence in the env reading frame (Fig. 1D). Two
additional ATGs are present in the SIVmac genome in the re-
gion of env-nef overlap in the non-env/non-nef reading frame
(Fig. 1C). These triplets were mutated to GTGs which again
did not affect the predicted amino acid sequence of env (Fig.
1D). These ATGs were eliminated to ensure optimal expres-
sion of HIV-1 nef sequences which were inserted downstream
(23–25). NL 4-3 nef coding sequences were inserted immedi-
ately 39 of the SIVmac env coding sequences to create SHIV-
4ATG(i) (Fig. 1D). In order to facilitate the insertion of inde-
pendent HIV-1 nef alleles into the SIVmac nef locus, an XbaI
restriction site was introduced immediately downstream of the
SIVmac env stop codon and a BamHI site was introduced 120

TABLE 1. Summary of animal infections with SHIVnef recombinantsa

Expt no. Animal
no.

HIV-1 nef
allele

Construct
specifics

Viral loads: Death with
AIDS

Time to
death (wks)3–10 mos 10 mos Late

AE542 178-93 NL 4-3 SHIVnef-fusion Low Low Low No
AE542 259-93 NL 4-3 SHIVnef-fusion High High High Yes 93
AE576 119-94 NL 4-3 SHIVnef-4ATG(i) High High High Yes 80
AE576 144-94 NL 4-3 SHIVnef-4ATG(i) High High High No
AE585 125-94 NL 4-3 SHIVnef-4ATG(v) Low Low Low No
AE585 211-94 NL 4-3 SHIVnef-4ATG(v) Low Low Low No
AE585 323-96 NL 4-3 SHIVnef-4ATG(v) Med Med High Yes 87
AE585 331-96 NL 4-3 SHIVnef-4ATG(v) High High High Yes 78
AE585 321-96 259 SHIVnef-4ATG(v) Low Low Low No
AE585 330-96 259 SHIVnef-4ATG(v) High High High Yes 110
AE585 324-96 RULDA SHIVnef-4ATG(v) High High High Yes 96
AE585 326-96 RULDA SHIVnef-4ATG(v) High High High Yes 52
AE598 37-97 Consensus SHIVnef-4ATG(v) Med High High No
AE598 40-97 Consensus SHIVnef-4ATG(v) Low Low Low No
AE598 41-97 Consensus SHIVnef-4ATG(v) Med High High No
AE598 45-97 Consensus SHIVnef-4ATG(v) Low Low Low No
AE601 168-96 Consensus EGFPiresnef High High High Yes 51
AE603 354-96 RULDA SHIVnef-4ATG(v) Low Low ND No
AE603 360-96 RULDA SHIVnef-4ATG(v) Low Low ND No

a Column 1 indicates the independent animal experiments described in this report. Column 2 lists the individual animals that were used in each experiment. Column
3 specifies the HIV-1 nef allele that was expressed in the SHIVnef inoculum for each animal. The NL 4-3 nef allele is derived from the commonly used laboratory
adapted strain of the same name; the 259 nef allele was isolated from Mm259-93 at the time of death and contained 14 amino acid changes from the NL 4-3 nef (Fig.
4A); the RULDA nef allele was isolated from an HIV-1-infected patient that progressed rapidly to AIDS, and the consensus allele represents a compilation of sequences
derived from a cohort of HIV-1-infected patients (40). Column 4 shows the nature of the recombinant constructions. The SHIVnef-fusion expresses a SIV–HIV-1 nef
chimeric gene (Fig. 1C), whereas SHIVnef-4ATG(i) and SHIVnef-4ATG(v) express HIV-1 nef as an independent gene in an optimal context for expression (Fig. 1D
and E). EGFPiresnef was engineered to express the EGFP gene, the IRES element of encephalomyocarditis virus, and HIV-1 nef as previously described (5). Columns
5, 6, and 7 represent the viral loads observed for individual animals at the times indicated. A designation of a high load denotes a burden that is consistent with what
is observed for SIVmac239-infected animals, whereas a designation of a low load denotes a burden that is consistent with what is observed for SIVDnef-infected animals.
A medium (Med) load designation indicates an intermediate phenotype, and ND indicates that the viral load data has not been acquired as yet for this time frame.
Column 8 specifies the animals in this study that have died to date with AIDS, and column 9 specifies the number of weeks from inoculation to death for these animals.
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bases upstream of the SIVmac NF-kB site as previously de-
scribed (SIVDnefXESAB) (4). HIV-1 nef alleles were engi-
neered to contain a consensus translation initiation motif ACG
CCCACC (25) immediately 59 of the start codons and were
then inserted into these XbaI (CTCGAG) and BamHI (GGA
TCC) sites [SHIVnef-4ATG(v), Fig. 1E]. The nef alleles for
insertion were derived from the infectious molecular clone NL
4-3 (1), a rapidly progressing AIDS patient (coded RULDA),
a consensus nef sequence (40), and the variant NL 4-3 se-
quence that evolved in Mm259-93 (Fig. 4A). The nef alleles
were inserted into the SIVDnefXESAB vector to produce the
recombinants SHIVnef NL 4-3v, SHIVnef RULDA, SHIVnef
consensus, and SHIVnef 259, respectively.

We inoculated two animals, Mm119-94 and Mm144-94
(AE576, Table 1), with SHIVnef-4ATG(i) which expressed NL
4-3 nef sequences (Fig. 1D). Plasma antigenemia was detected
in Mm119-94 and Mm144-94 in the initial weeks p.i. (Fig. 5A),
and these animals maintained persisting high cell-associated
and RNA loads (Fig. 5C and D and Table 1). The CD4% val-
ues in Mm119-94 were declining up until the time of death with
AIDS at 80 weeks p.i. (Fig. 5B). Mm144-94 has remained
healthy for 116 weeks p.i. despite the continued persistence of
high viral loads.

We infected four additional animals with SHIVnef NL 4-3v
(Fig. 1E). We also inoculated two animals with SHIVnef259
which expressed the HIV-1 nef allele which had acquired 14
amino acid changes from NL 4-3 nef through infection in
Mm259-93 (Fig. 4A) and two animals which expressed an
HIV-1 nef allele which was isolated from a patient who pro-
gressed rapidly to AIDS (RULDA) (AE585, Table 1). All
eight animals in these experiments displayed detectable anti-
genemia in the initial weeks p.i. (Fig. 6A). However, only five

maintained persisting high viral and RNA loads (Fig. 6C and
D), and all five died with AIDS 52 to 110 weeks p.i. (Table 1).
Only one of two animals inoculated with SHIVnef259 main-
tained high loads and died with AIDS (Mm330-96). Of the

FIG. 3. Sequence changes in the region of overlap containing both SIV env
and SIV nef. SHIVnef sequences present in PBMC of Mm259-93 at the time of
death are compared with the SHIVnef fusion construct that was used for infec-
tion. One of the preserved ATGs represents the initiating ATG of HIV-1 nef.
The other preserved ATG in the region of overlap is not in an appropriate
consensus (59-TCCATGA-39) context for the initiation of translation (a purine at
the 23 position and a guanosine at the 14 position relative to the adenosine of
the ATG) (23–25). These data represent a consensus sequence of two clones
from each of two independent PCRs.

FIG. 2. Plasma antigenemia, CD4%, PBMC load, and RNA copy eq/ml measurements for animal experiment 542 (AE542, Table 1). (A) Plasma antigenemia in
SHIVnef-infected rhesus monkeys. p27 concentrations in plasma were determined at the time points indicated. The limit of detection is approximately 0.05 ng/ml. Week
0 is a preinfection sample taken immediately before inoculation with SHIVnef. (B) CD4% in SHIVnef-infected rhesus monkeys. Whole blood was drawn from
SHIVnef-inoculated animals at various times p.i. and stained with OKT4, an FITC-conjugated murine monoclonal antibody that was raised against rhesus macaque
CD4 (American Type Culture Collection). The stained samples were analyzed with a FACSscan flow cytometer (Becton Dickinson). (C) Frequency of infectious cells
in PBMC of SHIVnef-infected rhesus macaques. Viral loads were graded on a scale from 0 to 10 indicating the number of PBMC needed to recover SIV. A “0” indicates
that no virus was recovered with 106 cells, a “1” indicates successful virus recovery from 106 cells, and values 2 to 10 indicate successful virus recovery from 333,333,
111,111, 37,037, 12,345, 4,115, 1,371, 457, 152, or 51 cells, respectively. (D) Plasma SIV RNA levels at the indicated weeks p.i. for animals infected with SHIVnef
recombinants. The dashed lines indicate the threshold sensitivity of the assay (300 copy eq/ml). Prior to week 72, plasma was not stored appropriately for plasma RNA
measurements of animal experiment 542 (AE542). A value of 0 was assumed for week 0.
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four animals inoculated with SHIVnef NL 4-3(v) (Mm125-96,
Mm211-96, Mm323-96, and Mm331-96 [Table 1]), two (Mm323-
96 and 331-96) maintained persisting high viral burdens and
died with AIDS; two (Mm125-96 and Mm211-96) have main-
tained low loads and remain healthy 102 weeks p.i.

We next investigated whether the changes that were ob-
served in the NL 4-3 nef allele after passage in Mm259-93 were
also observed in the NL 4-3 nef allele after passage in Mm119-
94, Mm144-94, Mm323-96, and Mm331-96 which also main-
tained persisting high viral loads (Table 1). Sequence analysis
revealed that changes in NL 4-3 nef seen in Mm259-93 were
rarely seen in these four animals (Fig. 4B). The exception
was the Val1683Met mutation, which was observed in both
Mm144-94 and Mm259-93 (Fig. 4B). We also examined nef
sequences from Mm324-96 and Mm326-96 which were in-
oculated with SHIVnef RULDA and maintained high viral
loads throughout the course of infection (Table 1). At week
32 p.i., no amino acid changes were observed in the sequences

of RULDA nef isolated from these animals (Fig. 4C). The
original RULDA nef allele did contain Y102, V114, M168, and
K184 (the numbers correspond to NL 4-3 nef), which were the
amino acids created at these positions after sequence changes
in Mm259-93 (Fig. 4D).

Since both Mm324-96 and Mm326-96, which were inocu-
lated with SHIVnef RULDA maintained high viral loads and
died from AIDS and no changes were observed in the RULDA
nef sequences in the first 32 weeks p.i., we inoculated two
additional animals, Mm354-96 and Mm360-96 with the same
dose of the same stock of SHIVnef RULDA in animal exper-
iment 603 (AE603, Table 1). In contrast to our earlier exper-
iment with this recombinant, neither monkey was antigenemic
in the initial weeks p.i. (Fig. 7A). In addition, the peaks in SIV
load in the PBMC in these animals in the initial weeks of in-
fection were lower than what was observed for other SHIVnef-
infected animals (Fig. 7C). However, in Mm354-96, a peak
plasma SIV RNA concentration of 430,000 copy equivalents

FIG. 4. Analysis of HIV-1 nef sequences contained in SHIVnef recombinants recovered from infected monkeys. The sequences represent a consensus of two clones
from each of two independent PCRs. (A) Amino acid changes observed in NL 4-3 nef after infection of Mm259-93 with SHIVnef-fusion. The arrows indicate where
nucleotide changes resulted in the same amino acid that is present at the corresponding position of SIVmac nef. (B) A comparison of HIV-1 nef amino acid sequences
after passage in animals that were infected with SHIVnef that expressed NL 4-3 nef sequences and maintained high viral loads. (C) Same as in panel B except with
RULDA nef sequences. (D) An alignment of the amino acids expressed by NL 4-3 nef, 259 nef which was passaged through Mm259-93, and RULDA nef which was
isolated from a rapid-progressor HIV-1 patient. In all panels, dots denote sequence identity and the dashes denote deletions. The sequences analyzed were isolated
from these animals at the indicated number of weeks p.i.
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(copy eq)/ml was reached at week 2 p.i. (Fig. 7D), which is
similar to the concentrations observed in animal experiment
585 (Fig. 5). However, by week 28 p.i. the SIV RNA concen-
tration had dropped to only 300 copy eq/ml (Fig. 7D), and at

week 40 p.i. viral loads were undetectable in this animal (Fig.
7C). In the case of Mm360-96 the peak in SIV RNA expression
was significantly lower (89,000 copy eq/ml) than was observed
for other SHIVnef-infected animals (Fig. 7D). At 28 weeks p.i.

FIG. 4—Continued.

FIG. 5. Plasma antigenemia, CD4%, PBMC load, and RNA copy eq/ml measurements for animal experiment 576 (AE576, Table 1). See legend to Fig. 2
for details.
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Mm360-96 expressed low but detectable levels of SIV RNA in
plasma (Fig. 7D), and at week 40 p.i. undetectable levels of
SIV in the PBMC were detected (Fig. 7C). These two animals
have maintained stable percentages of CD4 cells and have
remained healthy (Fig. 7B and Table 1).

We created one, final recombinant (SHIVnef consensus) in
the hopes of establishing a SHIVnef that would yield consis-
tently high viral loads and would be 100% pathogenic in rhesus
monkeys. The sequences expressed in the nef consensus allele

represent a compilation of sequences derived from a cohort of
HIV-1-infected patients (40). Of the four animals inoculated
with SHIVnef consensus (AE598, Table 1), two (Mm40-97 and
Mm41-97) expressed detectable levels of plasma antigenemia
in the initial weeks p.i. (Fig. 8A). Mm37-97 initially maintained
low cell-associated viral loads but these cell loads rose dramat-
ically by 48 weeks p.i. and were maintained in subsequent
weeks (Fig. 8C and Table 1). SIV RNA concentrations also
increased in the interval from 20 to 48 weeks p.i. in this animal

FIG. 6. Plasma antigenemia, CD4%, PBMC load, and RNA copy eq/ml measurements for animal experiment 585 (AE585, Table 1). See legend to Fig. 2
for details.

FIG. 7. Plasma antigenemia, CD4%, PBMC load, and RNA copy eq/ml measurements for animal experiment 603 (AE603, Table 1). See legend to Fig. 2
for details.
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(Fig. 8D). Mm41-97, on the other hand, maintained high viral
loads (Fig. 8C and Table 1) and high plasma RNA concentra-
tions (Fig. 8D) throughout the course of infection. Conversely,
Mm40-97 and Mm45-97 maintained low SIV burdens (Fig. 8C
and Table 1) and low or undetectable RNA concentrations at
late times p.i. (Fig. 8D). All four animals in this experiment
have maintained stable percentages of CD4 cells and remain
healthy (Fig. 8B and Table 1).

Growth kinetics of SHIVnef recombinants. SHIVnef stocks
containing 1 ng of p27 antigen were used to infect CEMx174
cells. Supernatants were collected starting at day 6 postinfec-
tion and assayed for p27 antigen concentration. SIVmac239
production peaked at day 7, and SHIVnef recombinant pro-
duction peaked at day 9 postinfection (Fig. 9). Despite the
slight delay, peak yields were similar for the SHIVnef recom-
binants and the parental SIVmac239.

Expression of HIV-1 nef. Recently, we demonstrated that the
expression of SIVmac nef or HIV-1 nef contributed to activa-
tion of the rhesus monkey cell line 221, leading to greatly en-
hanced replication of SIVmac in the absence of IL-2 (4). We
infected 221 cells with SHIVnef recombinants (Table 1) to
compare the replication kinetics of these recombinants with
those of parental SIVmac. nef-Dependent enhancement of vi-
ral replication was not observed with SHIVnef-fusion infec-
tions of 221 cells in comparison to a control SIVDnef infection
(Fig. 10). Conversely, SHIVnef-4ATG(i) and SHIVnef NL
4-3v, both of which expressed NL 4-3 nef as an independent
gene in an appropriate context for translation, demonstrated
significant replication enhancement over a SIVDnef infection.
Levels of p27 production were comparable to SIVmac239 in-
fection (Fig. 10). We tested the influence of inclusion of ATGs
on the downstream expression of HIV-1 nef sequences by in-
fecting 221 cells with SHIVnef recombinants that contained an
ATG at the 59 extent of HIV-1 nef sequences in which either
the SIV env-nef overlap region was not mutated at all
[SHIVnef(i)] or in which only two ATGs in the nef reading
frame in this region were mutated to ACGs (SHIVnef-2Met),
leaving the two remaining ATGs in this region intact.

SHIVnef(i) produced levels of SIV that were similar to those
obtained with the SIVDnef control infection (Fig. 10).
SHIVnef-2Met infections produced higher levels of virus than
did SHIVnef(i) infections. However, the levels produced by
SHIVnef-zATG were significantly lower than those that were
observed for SHIV-4ATG(i) and SHIVnef NL 4-3(v) infec-
tions (Fig. 10).

The levels of HIV-1 nef expression by these SHIVnef re-

FIG. 8. Plasma antigenemia, CD4%, PBMC load, and RNA copy eq/ml measurements for animal experiment 598 (AE598, Table 1). See legend to Fig. 2
for details.

FIG. 9. Infection of CEMx174 cells with SIVmac239 and various SHIVnef
recombinants. A 1-ng portion of p27 antigen that was derived from the cell-free
supernatant of transfected CEMx174 cells was used for each infection. Depict-
ed are the SIV p27 concentrations in the cell-free supernatants of the infected
cells. Symbols: ■, SIVmac239; F, SHIVnef NL 4-3v; Œ, SHIVnef RULDA; },
SHIVnef259; h, SHIVnef consensus; E, SHIVnef fusion.
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combinants were assayed directly by Western blotting. A total
of 3 3 106 CEMx174 cells were infected with recombinant
virus containing 50 ng of p27 antigen. The cells were lysed 7
days postinfection, and lysates were Western blotted and in-
cubated with a nef-specific monoclonal antibody (EH). HIV-1
nef was detected in cells infected with an HIV-1 NL 4-3 con-
trol, SHIVnef-2Met, SHIVnef-4ATG(i), and SHIVnef NL
4-3(v) infections (Fig. 11). As expected, a larger-sized protein
was detected in lysates from the SHIVnef-fusion-infected cells
(Fig. 11, lane 5). A nef-specific band was not detected when a
version of SHIVnef was used with a premature, in-frame stop
codon (lane 4) or with SHIVnef(i) (lane 3), thus demon-
strating that retention of the upstream ATGs severely lim-
ited the expression of downstream HIV-1 nef sequences in
SHIVnef(i).

Genetic analysis of U3 sequences in SHIVnef recombinants.
In all of the SHIVnef constructs described in this study, 120
bases of SIV U3 sequence immediately 59 of the SIV NF-kB
site were retained (Fig. 1). This region has been consistently
retained in SIVDnef-infected animals (22). We analyzed the
stability of the SIV U3 sequences in SHIVnef-infected animals
that maintained high viral loads. SIV that was isolated at the
time of death from Mm259-93 had retained only the 28 bases
immediately upstream of the SIV NF-kB site and had deleted
92 bases of SIV U3 sequence (Fig. 12A). Mm168-96, which was
inoculated with EGFPiresnef as previously described (5) and
which maintained persisting high viral loads and died with
AIDS 51 weeks p.i. (Table 1), retained only 24 bases of U3
immediately 59 of the SIV NF-kB site and had deleted 96 bases
of SIV U3 sequence (Fig. 12A). Conversely, SHIVnef isolated
from Mm119-94, Mm144-94, Mm323-96, and Mm331-96 (Ta-
ble 1) had retained the entire 120 base SIV U3 sequence that
was contained in the original SHIVnef construction (Fig. 12B).

DISCUSSION

In this report we have demonstrated that HIV-1 nef se-
quences can substitute for SIVmac nef sequences to produce a
pathogenic infection. Of the 19 rhesus monkeys described in
this study, 11 have maintained persisting high viral loads
as is seen in SIVmac239 infections and 8 have died with AIDS
51 to 110 weeks p.i. (Table 1). The frequency of high vi-
rus loads and disease development with our SHIVnef con-
structs is clearly higher than what we have observed with
SIVmac239Dnef. Of the 20 rhesus monkeys that we have in-
fected with SIVmac239Dnef, only one developed moderate
loads during the first year of observation and only three have
shown moderate or high loads and/or evidence of disease pro-
gression over the entire period of observation (mean, 5.1 years;
longest period, 9.0 years) (47). Alexander et al. (4) have pre-
viously demonstrated the ability of HIV-1 nef to substitute for
SIV nef in the context of virus in the 221 replication enhance-
ment assay, and Sinclair et al. (41) have previously demon-
strated the ability of the HIV-1nef allele to substitute for the
SIV nef allele in the context of virus in assays of infectivity
enhancement and accelerated replication kinetics.

Despite our use of four distinct HIV-1 nef alleles expressed
in an optimal context, infected animals maintained persisting
high viral loads with similar frequencies of about 50% regard-
less of which HIV-1 nef allele was expressed in the recombi-
nant genome (Table 1). This was the case even with infections
that used a nef allele (259) that had been passaged through
a monkey (Mm259-93) and that had acquired amino acid
changes at 14 positions (Fig. 4A). We did not observe a pattern
of change to a 259 nef genotype in the SHIVnef NL 4-3v-
infected animals that maintained persisting high viral loads
(Fig. 4B). If there is selective pressure for such change in
rhesus monkeys to a sequence more like SIVmac, it is not
sufficiently strong to be seen in all animals.

Fusion of upstream SIVmac nef sequences to HIV-1 nef
sequences (SHIVnef-fusion; Fig. 1C) resulted in the stable
expression of a larger chimeric protein (Fig. 11). However, this
chimera did not result in a nef gene that was functional in the
221 cell assay (Fig. 10). In SIV recovered from Mm259-93,
three of the four ATGs present in the env-nef overlap region of
the SHIVnef-fusion inoculum were mutated (Fig. 3). The un-
changed ATG in this region (59-TCCATGA-39) was in a con-
text that was not consistent with its use as an initiation codon
(a purine at the 23 position and a guanosine at the 14 position
relative to the adenosine of the ATG) (23–25) and thus its
presence would not be likely to interfere with expression of the

FIG. 11. Expression of HIV-1 nef in CEMx174 cells infected with SHIVnef
recombinants. HIV-1- or SHIVnef-infected cells were harvested at day 7, and
proteins from cell lysates were separated by SDS-PAGE and electroblotted onto
a membrane filter. HIV-1 nef was detected by using a nef-specific monoclonal
antiserum (EH). Lanes: 1, mock infected; 2, HIV-1 NL 4-3 nef; 3, SHIVnef(i); 4,
SHIVnef-stop; 5, SHIVnef-fusion; 6, SHIVnef-2Met; 7, SHIVnef-4ATG(i); 8,
SHIVnef-4ATG(v).

FIG. 10. Infection of unstimulated 221 cells with SHIVnef recombinants.
Cell line 221 cells incubated in RPMI medium containing 5% fetal calf serum
without exogenous IL-2 were infected with 10 ng of SIV p27 antigen of SHIVnef
recombinant virus. p27 antigen was quantitated in the cell-free supernatant
at the times indicated. Symbols: ■, SIVmac239; F, SHIVnef-fusion; Œ,
SHIVnef-4ATG(i); }, SHIVnef NL 4-3v; h, SIVmac239Dnef; E, SHIVnef(i); ‚,
SHIVnef-2ATG.
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downstream HIV-1 nef sequences. In addition, inclusion of
upstream ATGs in the region of SIV env-nef overlap appeared
to inhibit the expression of the downstream HIV-1 nef se-
quences in SHIVnef(i) (Fig. 10 and 11). The changes observed
in the env-nef region in Mm259-93 therefore rendered the
HIV-1 nef sequences open and in a context that was optimal
for expression. This is consistent with our previous observation
of SIV sequences from Mm168-96 in which the EGFP gene
and the IRES element were removed to also render the HIV-1
nef sequences open and in an optimal context for expression
(5). It is also consistent with the ease with which extraneous
sequences are lost from this region in other recombinant con-
structs that have been studied previously (22, 29, 48). Con-
versely, the HIV-1 nef coding sequences were retained intact in
all experimentally infected monkeys. In other experiments not
shown, a SHIVnef in which a stop codon was introduced into
the HIV-1 nef reading frame quickly reverted in infected mon-
keys to an open nef reading frame (data not shown). These
observations not only demonstrate the extreme flexibility in
the SIVmac genome in response to selective pressure but also
reveal that an optimal context for translation initiation by

elimination of the upstream ATGs is necessary for appropriate
expression by these SHIVnef chimeras. The retention of HIV-
1 nef sequences, selection for an open HIV-1 nef reading
frame, and sequence changes to optimize HIV-1 nef transla-
tion are all consistent with an advantageous contribution by the
HIV-1 nef gene in the context of SIV in rhesus monkeys.

In SIVmac, an important transcriptional enhancer element
is located within an 80-bp region of U3 that is immediately
upstream of the NF-kB binding site (17, 30, 34). This enhancer
element allows SIVmac replication in the complete absence of
NF-kB and Sp1 binding sites (17) and is contained within the
nef reading frame within U3. In monkeys infected with SIV
containing a 182-bp deletion in the region that is uniquely nef,
the virus progressively loses much of the remaining nef se-
quences that are overlapped by U3 (22). However, this nef
mutant virus consistently retains regions of nef sequence that
contribute to virus replication in a cis-acting fashion; these
include the polypurine tract, the U3 terminal sequences and,
importantly, the transcriptional enhancer element contained
within the 80 bp immediately upstream of NF-kB (18, 33, 36,
42–44). It is thus curious that, in the current study, SIV se-

FIG. 12. Sequence analysis of SHIVnef U3 sequences before and after passage in rhesus monkeys. Dots denote no change in the U3 sequence from the inoculum,
and dashes denote deletions in the U3 sequence after animal infection.
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quences were lost in Mm168-96 and Mm259-93 to within 27 to
35 nucleotides of the NF-kB site (Fig. 12). It is possible that
these 27 to 35 nucleotides retain much or all of the transcrip-
tional enhancer activity. However, the SIV U3 deletions in
Mm168-96 and Mm259-93 bring the 39 carboxy-terminal se-
quences of HIV-1 nef into much closer proximity to the NF-kB
binding element (Fig. 12). This region near the C terminus of
the nef coding sequence has not been rigorously studied as a
transcriptional control element in HIV-1. However, in a hu-
man naturally infected with nef-deleted HIV-1, progressive
deletions in U3 over time consistently spared the 80 bp up-
stream of the NF-kB binding site (21). Thus, movement of
HIV-1 transcriptional control elements within nef to closer
proximity to the core enhancer element (NF-kB and Sp1)
could have contributed to the U3 sequence rearrangements
observed in Mm168-96 and Mm259-93.

The SHIVnef constructions described here have brought
some cis-acting HIV-1 sequences under the operation of SIV-
encoded enzymatic activities. The polypurine tract, located
within nef sequences just upstream of the start of U3, serves as
the primer for the synthesis of plus-strand DNA by reverse
transcriptase and is absolutely essential for replication. In ad-
dition, terminal sequences at the 59 end of U3 are absolutely
required for proviral DNA integration by the virus-encoded
integrase (10, 19). U-box sequences, just upstream of the poly-
purine tract, are also required for replication at the RT step
(18). The sequences of these HIV-1 cis-acting elements all dif-
fer slightly from their SIV counterparts. Although the HIV-1
cis-acting sequences are sufficiently functional with SIV-en-
coded enzymes to allow for viral replication, they could possi-
bly be responsible for the slight delay in replication seen in
Fig. 9.

While HIV-1 nef can clearly substitute for SIVmac nef in this
relevant animal model, we were not able to achieve moderate
or high virus loads and disease progression in a workable time
frame in 100% of the animals. Possible explanations for this
result are varied. Since SIVmac nef and HIV-1 nef differ some-
what in the activities that can be measured in vitro, HIV-1 nef
may lack one or more functions that contribute to pathogenesis
in monkeys. Since all of the functional activities reported for
nef involve interactions with host cell proteins, HIV-1 nef may
demonstrate less-than-optimal coupling with macaque cellular
partners, as opposed to the human cellular partners for which
it has evolved. It is also possible that the action of SIV enzymes
on cis-acting HIV-1 sequences present in the recombinant
constructs has resulted in suboptimal viral replication or
that the hybrid constructions are not optimized for cis-act-
ing sequence functions. With regard to the latter possibility,
SHIVnef constructions necessarily create hybrid LTRs which
may be altered in their transcriptional regulatory elements.
The variability in viral loads and in time to develop AIDS can
be viewed in an optimistic light as actually similar to the vari-
able viral loads and disease progression observed for HIV-1-
infected people. However, practical use of the SHIVnef model
for studying the effects of nef mutations or anti-nef drugs would
benefit from improvements to the system that would produce a
more consistent outcome.
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